Voltage-clamp experiments were performed on isolated single frog (Rana catesbeiana or Rana pipiens) atrial cells to determine the voltage-contraction relations of the single cardiac cell. The contractile responses of the single cell associated with long duration (3 second) depolarizing steps consisted of a rise to peak (phasic) followed by a decay to a sustained contraction (tonic). These phasic-tonic type contractile responses could be obtained under conditions where membrane potential was well controlled along the entire length of the cell. Thus, the data obtained on the single cell indicate that the phasic-tonic contractile response is the characteristic contractile response of frog atrial tissue. The voltage dependence of the extent of relaxation to the tonic component following the peak of the contraction was affected dramatically by the intracellular sodium concentration. This result indicates that both the relaxation following peak contraction as well as the tonic contraction are related to calcium control via the sodium-calcium exchanger. The data also indicate that calcium entry via the inward calcium current is required for the contractile response to have a phasic component. These data indicate that calcium entry via the inward calcium current followed by the sodium-calcium exchanger first reducing and then maintaining the intracellular calcium level produces the characteristic phasic-tonic contractile response. (Circulation Research 1986;59:447-455)
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T O DATE, knowledge of the dependence of the contractile response of cardiac muscle on membrane potential and ionic currents has come primarily from experiments on multicellular cardiac preparations. Although such investigations have most certainly enhanced our knowledge of factors that may regulate the contractile process in cardiac muscle, the interpretation of data derived from such multicellular preparations can be complicated by the multicellular nature of the preparation. One primary problem is the existence of narrow intercellular clefts. These clefts can be a source of significant resistance to current flow that can preclude the attainment of uniform spatial voltage control during voltage-clamp experiments. 1 " 4 These clefts also impose a restricted diffusion space that allows the accumulation and depletion of ions to occur in the immediate vicinity of the cell membranes. For example, it is now well recognized that accumulation of potassium and depletion of calcium in the clefts occurs during sustained, membrane depolarization. 3 " 8 Since both of these ionic changes tend to reduce the contractile response of cardiac muscle, the interpretation of the tension waveform following an apparent step depolarization is complicated by ill-defined changes in the ionic environment throughout the multicellular tissue.
In light of these complexities, it is of interest to investigate the voltage dependence of the contractile properties of the single cardiac cell where 1) the qual-ity of spatial voltage control should be better than in the multicellular preparation, and 2) ion accumulation and/or depletion in the immediate vicinity of the cell membrane should not occur. We have been able recently to combine our techniques 9 "" for investigating the contractile properties of single frog atrial cells with electrophysiological techniques which have been used recently by other investigators 12 to investigate the electrophysiological properties of single frog cardiac cells. The combination of these techniques allows, for the first time, an investigation of the voltage-contraction relations of the single cardiac cell. This paper presents some of our results obtained from such an investigation on the single frog atrial cell.
Materials and Methods
The techniques of cell preparation, the preparation and calibration of cantilevered glass force beams, the method of attachment of a single cell to the glass beams, and the method of recording and determining force during contractions of the single cell have been reported previously. 9-" 1314 Two different methods were used in the present investigation to assess the contractile properties of the single cell as shown schematically in Figure 1 . One method (Method 1) recorded the force developed by the cell as it contracted auxotonically. In these experiments, each end of a single frog (Rana catesbeiana) atrial cell was attached to a polylysine coated glass beam (Figure 1 , left half)-One of these beams is flexible, and its displacement is used to measure the force on the cell. The other beam is essentially noncompliant. Such experiments, although feasible, had a fairly low success rate. Therefore, we often used a second method (Method 2) in which only one end of the frog (Rana catesbeiana or Rana pipiens) cell was attached to a glass beam and the other end was attached to the patch pipette used to record potential and inject current into the cell (see below). The position of the patch pipette relative to the glass beam was adjusted so that a cell loop existed between the points of attachment (Figure 1 , right half). In this method the motion of the cell loop as this region of cell contracted against zero external load was used as a measure of the contractile performance of the cell. In these experiments the only cells analyzed were those in which the loop during contraction stayed in the plane of focus. Similar contractile responses were recorded with both techniques. Conventional bright field light microscope techniques are used to view the cell. The video data are recorded on a closed circuit TV-video tape system and analyzed using the stop-frame capability of the video tape recorder in combination with a double TV cursor. 10 By such an analysis, the time course of either force development (Method 1) or cell loop movement (Method 2) that occurs during a contraction can be analyzed. The cells used in the present investigation were bathed in Ringer's solution having the following composition: 111 mM NaCl, 5.4 mM KC1, 1.8 mM CaCl 2> 10 mM Tris, 4 mM glucose, and HC1 as required to adjust the pH to 7.3. In some experiments tetrodotoxin (0.1 juM) was added to the bath solution to block the inward sodium current. All experiments were done at room temperature (~25°C).
Intracellular potentials were measured using the whole cell recording techniques with a patch pipette. 1215 The patch pipettes had tip openings of 1-2 pi r n and resistances of 4-10 M£2 when filled with 150 mM KC1. The patch pipette was interfaced with the Dagen 8900 patch clamp-whole cell clamp system using the Dagen 8910 whole cell probe. The Dagen system allows the measurement of voltage and current in the single cell under current clamp and voltage clamp conditions. After the cell was successfully attached to the polylysine coated glass beams (Method 1), the opening of the patch pipette was touched to the cell membrane along the free end of the cell which extended beyond the attachment point of the cell to the noncompliant beam. A small negative pressure was then applied to the fluid filling the pipette, and a high resistance seal of the cell membrane to the glass generally formed. The patch of membrane within the opening of the pipette then ruptured thereby making a relatively low resistance pathway into the interior of the cell. Series resistance compensation was used to compensate for the electrode resistance. The distance between the patch pipette and the noncompliant beam was then set so that slack remained in this region of the cell during contraction (similar to that shown in the right half of Figure 1 ). In this manner, although this end of the cell contracted, it did not develop any force that would pull the cell free of its attachment to the patch pipette. The electrical data related to membrane voltage and current were digitized and stored by computer on magnetic disc.
Results

Electrophysiological Properties
Attachment of the cell to the polylysine coated glass beams did not appear to have any significant deleterious effects on the electrophysiological properties of the single cell. A typical action potential recorded from one cell is shown in Figure 2 (upper left). This cell had a resting potential of -72 mV and the potential at the peak of the action potential reached a value of + 44 mV. Resting potentials of the cells in this study ranged from -70 to -80 mV and the potentials at the peak of the action potential ranged from +30 to +45 mV.
Two inward currents could be recorded from the isolated cell and these currents had properties similar to those expected for the well known inward sodium current and inward calcium current. Figure 2 gives examples of currents associated with voltage-clamp steps to different membrane potentials from two different holding potentials (-77 and -39 mV). It is apparent that an inward current associated with step depolarizations from the -77 mV holding potential had a large amplitude at membrane potentials negative to about +10 mV ( Figure 2 , upper right). The onset of this inward current occurred rapidly with the peak current occurring within a few milliseconds of the voltage step depolarization. At some membrane potentials a slow phase of current decay followed the rapid phase of current inactivation (Figure 2 , lower right and left). The slow phase of current decay appears to be related to the presence of a second inward current (i.e., the inward calcium current) as evidenced by the fact that the peak of the inward current associated with step depolarizations from a holding potential of -39 mV occurred at approximately the same time as the slow phase of current decay associated with voltage steps from -77 mV. The maximum inward sodium current generally occurred at negative membrane potentials in the range of -30 to -40 mV, whereas the apparent maximum inward calcium current generally occurred in the range of membrane potentials of 0 to +10 mV. The most outward current in each case is the current associated with stepping from the -39 mV holding potential. In each case the onset of the step depolarization occurred 2 msec after the zero time mark and is indicated by the positive upstroke of the current trace from the holding current.
Contractile Properties
Typical contractile responses associated with 3-second duration step depolarizations to different membrane potentials are shown in Figure 3 . The data were obtained on four different cells using Method 1 (upper part of Figure 3 ) and Method 2 (lower part). The data presented in the left half of Figure 3 came from experiments in which the patch pipette contained 10 mM NaCl in addition to 150 mM KC1. In these cases the contractile responses (tension or shortening) first rose to a peak and then decayed with time such that significant contraction remained at the end of the three second depolarizing pulse. In some cells (e.g., lower left of Figure 3 ) it was clearly apparent that by the end of a 3-second depolarizing pulse the contraction had decayed to a steady sustained level (i.e., a tonic com- 10mM NaCl in addition to the 150 mM KCl. In the right half, the patch pipette did not contain sodium. For the data presented in the upper part, the holding potential in both experiments was -77 mV and the potentials stepped to ranged from + 3 to +45 mV in steps of approximately 10 mV. In both cases the smallest tension response is that associated with the +3 mV potential and the largest with +45 mV potential. In these experiments the inward sodium current was not blocked by the use of tetrodotoxin. For the data presented in the lower part, the holding potential in both experiments was -68 mV and the potentials stepped to range from -19 to +41 mV in steps of 20 mV. In both cases the smallest contractile response is that associated with the -19 mV potential and the largest with the +41 mV potential. In these experiments tetrodotoxin was added to the fluid bathing the cell to block the inward sodium current and cAMP (10~4 M) was added to the fluid in the patch pipette to enhance the inward calcium current. ponent). The magnitude of this tonic component increased as the membrane potential became more positive. Markedly different contractile responses are shown in the right half of Figure 3 . In these experiments the patch pipette did not contain NaCl. In these cases no significant contraction remained at the end of the 3-second depolarizations and the contractile responses were almost purely phasic in nature. Significant tonic components occurred in these experiments only at very positive membrane potentials. It is of interest to note, however, that the peak magnitude of the contractile responses in these experiments increased as the membrane potential became more positive even though the apparent magnitude of the inward calcium current decreased (see below).
Since it is generally accepted that calcium entering the cell via the inward calcium current plays a significant role in excitation-contraction coupling in frog cardiac muscle, it is of interest to compare the voltage dependency of the contractile response with that of the inward calcium current. Data obtained from two different cells using Method 2 are presented in Figure 4 . The left half of this figure presents data from an experiment (same as in Figure 3 , lower left) in which the patch pipette contained 10 mM NaCl in addition to the 150 mM KC1. The right half is from an experiment (same as in Figure 3 , lower right) in which the pipette did not contain NaCl. In both experiments cyclic-AMP (10~4 M) was added to the fluid in the pipette to enhance the magnitude of the inward calcium current and tetrodotoxin was added to the bathing solution to block the inward sodium current. We found generally that when the patch pipette did not contain cAMP the maximum inward calcium current was on the order of 100-300 pA and sometimes was not very stable with time necessitating rather rapid data acquisitions in such cases. cAMP markedly increased the magnitude of the inward calcium current, as expected, and it also ap-peared to stabilize the inward currents for relatively long time periods (at least 30 minutes).
The data presented in Figure 4 clearly demonstrate that the magnitude of the contractile response (peak of contraction) continues to increase as the membrane potential becomes more positive even though the apparent magnitude of the inward calcium current may decrease (e.g., at potentials positive to about +10 mV). The data also clearly demonstrate the consistent finding that a lack of sodium in the patch pipette has a marked effect on the voltage dependence of the tonic component of the contractile response. In the experiments presented in Figure 4 , the threshold voltage (i.e., the membrane potential where a detectable tonic component occurred) for the tonic component was shifted almost 70 mV (from + 50 to -20 mV) toward more negative potentials by adding 10 mM NaCl to the fluid in the patch pipette. In experiments on 16 cells in which the patch pipette contained 10 mM NaCl, the threshold potential for the tonic contractile component ranged from -30 to +2 mV with a mean value of -12.8 mV± 10.1 (SD). In contrast, in experiments on 12 cells in which the patch pipette did not contain sodium, the threshold potential for the tonic component ranged from -10 to + 80 mV with a mean value of +39.8 mV ±28.9 (SD).
Spatial Voltage Control
The data presented in Figures 3 and 4 indicated that the contractile response of the single frog atrial cell associated with an apparent stepwise membrane depolarization consisted of a rapid rise to peak followed by a relaxation to a tonic contraction. To determine whether or not such contractile responses may have been influenced by a loss of spatial voltage control, we assessed the quality of spatial voltage control in the single cell by recording the potential at two points along the length of the cell with patch pipettes placed Figure 3 , lower left) when the patch pipette contained 10 mM NaCl in addition to 150 mM KCl. The right half gives data obtained from a cell (same as that presented in Figure 3 , right half) when the patch pipette did not contain sodium. In both experiments the patch pipette contained cAMP (10~4 M) and tetrodotoxin added to the bathing solution blocked the inward sodium current. Each current-voltage relation (upper half) plots either the minimum outward current or maximum inward current as a function of membrane potentials. No attempt was made to correct the inward current for the outward current flowing at the time of the peak inward current. The peak value of each contraction is indicated by the symbol (X) and the tonic value of each contraction by the symbol (O).
as close to the two ends of the cell as possible. One patch pipette was interfaced with the Dagen system as described previously (see "Materials and Methods") and the second pipette was interfaced with a high input impedence electrometer amplifier (Biotronix). In these experiments the two pipettes served as the anchor points to the cell and the contractile response of the cell was monitored similar to Method 2 discussed previously.
Results obtained on one cell are presented in Figure  5 , and these results were typical of cells (total of 11 cells investigated) in which the patch pipettes contained cAMP, 150 mM KC1, and 0-10 mM NaCl. Under such conditions we routinely observed a loss of spatial voltage control during the flow of large inward calcium currents and large outward potassium currents. In Figure 5 (upper left) it is apparent that some loss of spatial voltage control (approximately 10 mV) occurred when the potential of this cell was stepped to -20 mV. This loss of control was associated with an inward calcium current having a peak magnitude of 610 pA. However, spatial control was established prior to the onset of the contractile response (i.e., within 50 msec) and spatial voltage control was retained throughout the remainder of the depolarizing pulse ( Figure 5, upper right) . In contrast, spatial voltage control was obtained rapidly ( Figure 5 , lower left) when the potential was stepped to positive potentials where the inward calcium current was small or negligible. However, at such positive potentials the flow of a large outward current (presumably potassium) caused a loss of spatial voltage control during the latter part of the depolarizing pulse ( Figure 5 , lower right). In this experiment the voltage deviation was about 20 mV just prior to the termination of the 3-second pulse and the outward current at that time was 1520 pA.
In order to improve the quality of spatial voltage control during the flow of the time-dependent outward potassium current so that we could determine if the phasic-tonic contractile response still existed in the presence of adequate spatial voltage control, we used 20 mM tetraethylammonium chloride (TEA) in the patch pipettes to suppress this outward current. We also used short cells to further improve the quality of spatial voltage control. Typical results obtained on two cells (total of 14 cells investigated) are shown in Figure  6 . The left half of this figure presents data from an experiment in which the patch pipettes contained 5 mM NaCl; the right half of the figure presents data in which the pipettes did not contain sodium. In both experiments the spatial voltage control was very good and the results were qualitatively similar to those shown in Figure 3 . That is, the extent of relaxation following the peak of contraction depended on the amount of sodium in the patch pipette indicating that this relaxation phase depends on the intracellular sodium concentration.
Inward Calcium Current and Contraction
Since it is generally accepted that calcium entry via the inward calcium current plays a major role in excitation-contraction coupling in frog atrial cell, it was of interest to compare the contractile response of the single cell in the presence and absence of the inward calcium current. The results obtained on one cell (same cell as that presented in Figure 6 , left) are presented in Figure 7 . This figure demonstrates the currents (upper left), contractile responses (upper right), and voltages recorded at the two pipettes (lower half) when the potential of the cell was stepped to + 20 mV from a holding potential of either -68 or -30 mV. A holding potential of -30 mV inactivated the inward calcium current and changed the contractile response from the typical phasic-tonic type to a contractile response which rose slowly to a tonic level.
Discussion
Our experiments clearly demonstrate the feasibility of determining voltage-contraction relations on single frog atrial cells. The results obtained also demonstrate that the contractile responses of the single frog atrial cell associated with long duration membrane depolarizations are quite similar to those reported previously from studies on multicellular frog atrial preparation. 1617 Both the single cell and the multicellular frog atrial preparation have a contractile response which rises to peak and then decays to a sustained (tonic) level. The single cell data indicate that such a contractile response is characteristic of frog atrial tissue and is not caused by ill-defined properties of the multicellular preparation such as ion accumulation and depletion within the narrow intercellular clefts during long duration membrane depolarizations.
To our knowledge, the quality of spatial voltage control in the single cardiac cell has not been assessed. Although the space constant of the resting cell membrane is about twice the length of the cell 18 which would insure reasonable voltage control along the cell length, the space constant would decrease during the flow of large currents if these currents were associated with a large decrease in membrane resistance. Our results (see Figure 5 ) clearly demonstrate that some loss of spatial voltage control can occur during large inward and outward currents. However, spatial voltage control is generally obtained prior to the onset of the contractile response and is maintained during the rising phase of the contractile response. Thus, the volt- . Effect of inactivation of the inward calcium current on the contractile response. Data from the same cell as that presented in Figure 6 (left) . The currents associated with stepping to a potential of + 20 mV from a holding potential of either -68 or -30mV are shown in the upper left. The holding currents were +2 pA for the -68 mV holding potential and +190 pA for the -30 mV holding potential. The lack of transient capacitative current at the termination of the depolarization pulse resulted from the data points being at 50-msec intervals. The contractile responses are shown in the upper right. The voltages recorded from the two pipettes in these two experiments are shown in the lower half of the figure. See text for further discussion.
age dependency of the peak of the contractile response should not be markedly affected by the loss of control during the inward calcium current. This conclusion is further supported by the observation that similar contraction wave forms were observed when inward calcium currents were relatively small (<300 pA) or relatively large (>1000 pA) in the absence or presence of cAMP in the pipettes respectively. The loss of spatial voltage control which occurs during large time-dependent outward potassium currents could, however, alter the characteristics of the contractile response following the peak of the contraction. In severe cases it could . perhaps produce an apparent relaxation. It seems unlikely, however, that the marked differences in the voltage dependence of the tonic component of the contractile response obtained with sodium-containing versus sodium-lacking pipettes (see Figure 3 ) can be explained simply in terms of inadequate spatial voltage control. This conclusion is supported by the data presented in Figure 6 , which clearly demonstrate that the relaxation phase following the peak of the contractile response occurs under conditions of good spatial voltage control. If the relaxation following the peak of contraction cannot be explained by the loss of spatial voltage control, then how may it be explained? It is generally accepted that the sodium-calcium exchanger plays a role in producing relaxation in cardiac muscle at the negative membrane potentials which exist during diastole. Our finding of an intracellular sodium dependency for the relaxation following peak contraction during long duration membrane depolarizations (Figures 3  and 6 ) suggests that the sodium-calcium exchanger also serves as a relaxing factor at positive membrane potentials. It is certainly possible for the exchanger to produce relaxation, even at very positive membrane potentials, if the peak of the contractile response at that membrane potential is associated with an intracellular calcium concentration greater than that dictated by the exchanger at that membrane potential. In that case, at the time of peak contraction the reversal potential of the exchanger will be positive to the membrane potential and the exchanger will be operating to move calcium out of the cell. Relaxation will occur as calcium is removed from the cell by the exchanger and the reversal potential will become less positive in the process. In the steady state, the reversal potential of the exchanger becomes equal to the membrane potential if the exchanger is the sole regulator of the intracellular calcium level in the steady state. At that time the calcium concentration will be at the steady-state level dictated by the exchanger at that membrane potential and the contraction will be tonic.
Since the reversal potential of the sodium-calcium exchanger also depends on the intracellular sodium concentration, a reduction in the intracellular sodium concentration would enhance the effectiveness of the exchanger in producing relaxation whereas an increase in intracellular sodium would reduce the effectiveness of the exchanger in producing relaxation at any given membrane potential. For a sodium-calcium exchanger having a coupling ratio of 4 (i.e., four sodium ions exchanged for each calcium ion), the anticipated shift in the steady-state intracellular calcium-voltage relation would be on the order of 35 mV for a 50% reduction in intracellular sodium and 60 mV for a 70% reduction. A coupling ratio of 3 would produce shifts of 50 mV and 90 mV respectively. We found that removing sodium from the fluid in the patch pipette caused the voltage dependency of the tonic contractile response to be shifted on the average about 50 mV toward more positive potentials compared to that when the pipette contained 10 mM sodium. Thus, the observed shifts in the voltage dependence of the tonic contractile responses are within the range expected if the lack of sodium in the fluid in the patch pipette reduces but does not eliminate the intracellular sodium.
Our conclusion that the relaxation from the peak of the contraction to the tonic contraction is related to the sodium-calcium exchanger is further supported by the kinetics of this relaxation. Our finding that complete relaxation following peak tension can occur rapidly (less than 1 second) in experiments in which the patch pipette contained only 150 mM KC1 (see Figure 3 , right half and Figure 6 , right half) requires a relaxation mechanism having a time constant on the order of 100-200 msec. Roulet et al" have demonstrated in multicellular frog atrial muscle that a sodium-dependent relaxation, presumably due to the sodium-calcium exchanger, occurs with a time constant of 100-200 msec. In contrast, cAMP-dependent relaxing mechanisms which also exist in frog atrial muscle, produce much slower relaxation (time constant greater than one second) in the absence of the sodium-dependent mechanism. 19 More recently, Potreau and Raymond 20 found that barium, used as an inhibitor of the sodium-calcium exchanger, markedly reduced the rate of relaxation following the inward calcium current in frog atrial muscle. Thus, the rapid relaxations which we observed in the single cell following peak contraction would appear to have kinetics more closely related to those expected for the sarcolemmal sodium-calcium exchanger than to cAMP dependent (i.e., sarcoplasmic reticulum and sarcolemmal calcium pumps) relaxing systems.
If the relaxation from peak contraction to the tonic contraction is related to the sodium-calcium exchanger, then the mechanism responsible for raising the intracellular calcium at the peak of the contraction above the steady-state level dictated by the exchanger remains to be explained. The data presented in Figure 7 demonstrate that calcium entry via the inward calcium current can play an important role in this regard. In this experiment, inactivation of the calcium current using a holding potential of -30 mV converted the contractile response from the typical phasic-tonic type to a strictly tonic contraction. In the absence of calcium entry via the inward calcium current, the intracellular calcium concentration would rise with time as the sodium-calcium exchanger moves calcium into the cell. In this case the contractile response would not show a relax-ation phase following the peak of the contraction, since the intracellular calcium level would never be higher than that dictated by the sodium-calcium exchanger.
The data presented in this paper clearly demonstrate the feasibility of investigating the contraction-voltage relation of the single frog cardiac cell. Similar results as regards to the presence of phasic and tonic components were obtained when either the force developed during an auxotonic contraction (Method 1) or shortening at zero external load (Method 2) was used to assess the contractile performance of the cell. This is an important observation, since it would be extremely difficult to use Method 1 and also assess the quality of spatial voltage control in the cell. Thus, Method 2 provides a means to gain adequate information regarding the contractile response to the cell under experimental conditions where it is possible to also assess the quality of spatial voltage control. However, some caution must be exercised in using Method 2 since it is possible for the loop to move in three dimensions. Such a motion could lead to complications in data interpretation. These complications can be eliminated, however, by selecting those cells where during the contraction the loop stays clearly in focus.
It should be noted that the rate of rise of the contraction was faster and the time to the peak of contraction was shorter (see Figure 3 ) with Method 2 than with Method 1 as would be expected from the load dependency of sarcomere shortening in frog atrial muscle." Also the rate of relaxation following the peak of contraction appeared to be faster in Method 2 where the external loads were essentially zero compared to Method 1 where external loads were significant (see Figure  3 ). These results are similar to results reported previously by Tarr et al 21 and are related to the load dependence and length dependence of sarcomere extension during relaxation in frog atrial cells. We do not presently think that any significance should be attached to the apparent dip in the contraction wave form between the phasic and tonic component which was sometimes observed using Method 2 (see Figure 3 , lower left) since such dips were not seen routinely (see Figures 6 and 7) .
The data also indicate that the contractile performance of the cell can be influenced dramatically by the composition of the fluid in the patch pipette presumably as the result of exchange between the interior of the cell and the fluid in the pipette. In this regards, concerns might be raised as to possible effects which unbuffered pipette solutions and trace amounts of calcium in the pipette solution might have on the contractile properties of the cell. The very high buffer capacity (in excess of 20 mM/pH unit) of cardiac tissue 22 should insure that a pipette solution containing neither a strong acid or base would not alter the intracellular pH. This is especially true in the present experiments, since an electrolyte solution of KC1 and NaCl cannot provide any significant amount of either hydrogen or hydroxide ions. It also seems that possible contamination of the pipette solution with trace amounts of calcium does not pose any serious problem. The cells in the resting state with zero external load have sarcomere lengths on the order of 2.2-2.4 /xm, and they do not undergo progressive shortening with time during the experiment as would be expected if calcium were entering the cell from the pipette. It also seems very unlikely that such trace amounts of calcium could be a significant current carrier under voltage clamp conditions as would be required for it to serve as a source of calcium for contractile activation.
To some extent, the data obtained on the single cell support the generally accepted theory that the phasic contractile response of frog cardiac tissue is related to calcium entering the cell via the inward calcium current and the tonic contraction is related to the sodiumcalcium exchanger (for recent reviews see Chapman, 23 Klitzner and Morad 24 ). However, a transient calcium source (i.e., the inward calcium current) cannot in itself produce a phasic contractile response. Some relaxing mechanism must be responsible for producing the relaxation following the peak of the contraction. The data presented in this paper indicate that the sodium-calcium exchanger may serve this relaxation function even at very positive membrane potentials.
